Von Willebrand factor (VWF) dimerizes through C-terminal CK domains, and VWF dimers assemble into multimers in the Golgi by forming intersubunit disulfide bonds between D3 domains. This unusual oxidoreductase reaction requires the VWF propeptide (domains D1D2), which acts as an endogenous pH-dependent chaperone. The cysteines involved in multimer assembly were characterized by using a VWF construct that encodes the Nterminal D1D2DD3 domains. Modification with thiol-specific reagents demonstrated that secreted DD3 monomer contained reduced Cys, whereas DD3 dimer and propeptide did not. Reduced Cys in the DD3 monomer were alkylated with N-ethylmaleimide and analyzed by mass spectrometry. All 52 Cys within the DD3 region were observed, and only Cys 1099 and Cys 1142 were modified by N-ethylmaleimide. When introduced into the D1D2DD3 construct, the mutation C1099A or C1142A markedly impaired the formation of DD3 dimers, and the double mutation prevented dimerization. In full-length VWF, the mutations C1099A and C1099A/C1142A prevented multimer assembly; the mutation C1142A allowed the formation of almost exclusively dimers, with few tetramers and no multimers larger than hexamers. Therefore, Cys 1099 and Cys 1142 are essential for the oxidoreductase mechanism of VWF multimerization. Cys 1142 is reported to form a Cys 1142 -Cys 1142 intersubunit bond, suggesting that Cys 1099 also participates in a Cys 1099 -Cys 1099 disulfide bond between D3 domains. This arrangement of intersubunit disulfide bonds implies that the dimeric N-terminal DD3 domains of VWF subunits align in a parallel orientation within VWF multimers.
V
on Willebrand factor (VWF) is an essential hemostatic protein that initiates the formation of a platelet plug by binding to connective tissue exposed at sites of vascular injury and to receptors on the surface of platelets. These functions depend on binding sites for many ligands within the repeated multidomain structure of the VWF subunit: D1-D2-DЈ-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. In addition, normal function requires the assembly of VWF into large multimers, and defects in VWF multimerization cause the inherited bleeding disorder, von Willebrand disease (VWD) type 2A (1) .
VWF assembly begins in the endoplasmic reticulum (ER) of endothelial cells and megakaryocytes where VWF is synthesized as a precursor that consists of a 22-aa signal peptide, a 741-aa propeptide (domains D1D2), and a 2,050-aa mature subunit. Also in the ER, proVWF monomers form homodimers ''tailto-tail'' through interchain disulfide bonds between their CK domains (2) (3) (4) (5) . The proVWF dimers are transported to the Golgi where they assemble into large multimers ''head-to-head'' through interchain disulfide bonds between two D3 domains, and the propeptide is cleaved by furin (2, 6) .
VWF multimerization in the Golgi involves a unique oxidoreductase mechanism that requires the VWF propeptide, which functions as an endogenous chaperone to promote disulfide-bond formation specifically under acidic conditions (2, (7) (8) (9) . The reaction appears to proceed through a transient, disulfidelinked intermediate between the propeptide and the D3 region of VWF that forms in the ER and resolves in the Golgi to yield disulfide-linked VWF multimers (10) . Partially purified proVWF dimers will form proVWF multimers in vitro at acidic pH, and the reaction is prevented by N-ethylmaleimide (NEM) (11) , which indicates that reduced cysteines are required.
VWF multimers purified from blood contain little or no reduced cysteine, suggesting that successful multimer assembly engages all VWF cysteine residues in intrasubunit or intersubunit disulfide bonds (12, 13) . However, the subunits at the ends of VWF multimer have not formed intersubunit disulfide bonds and are likely to have reduced Cys residues within their D3 domains. These Cys may have transiently paired with the VWF propeptide (10) and may be key participants in the oxidoreductase mechanism of VWF multimer assembly.
Using a model system that simplifies the analysis of VWF multimer assembly (10, 14) , we now have shown that Cys 1099 and Cys 1142 are oxidized when VWF multimerization succeeds and reduced when it does not. In addition, mutation of these Cys residues prevents the assembly of VWF multimers. Thus, the integrity of VWF multimers may depend on just two disulfide bonds between the D3 domains of VWF subunits.
Results
Secreted DD3 Monomer Contains Reduced Cys. Reduced thiols, presumably in Cys residues, are essential for VWF multimerization (11), but whether the propeptide, DЈD3 region, or another factor contains mechanistically significant reduced Cys is unknown. The N-terminal D1D2DЈD3 region of the proVWF subunit reproduces essential features of multimer assembly, forming intersubunit disulfide bonds between D3 domains in the Golgi apparatus when expressed in mammalian cells (10) , and this model system was used to identify reduced Cys that participate in multimer assembly.
VWF FLAG-D1D2DЈD3-c-Myc was expressed in BHK cells, and secreted proteins were reacted with biotin-containing maleimide reagents [supporting information (SI) Fig. 5 ] to alkylate free thiols (15, 16) . Species with alkylated Cys were adsorbed on neutravidin-agarose and identified by Western blotting (Fig. 1) . FLAG-tagged bacterial alkaline phosphatase (FLAG-BAP) has two intrachain disulfide bonds and no reduced Cys (17) , and FLAG-BAP treated with biotin-maleimide reagents did not bind to neutravidin agarose (Fig. 1B) , confirming the specificity of the maleimide reagents for reduced Cys.
These BHK cells secrete VWF propeptide (FLAG-D1D2) and a mixture of DЈD3-c-Myc monomer and dimer (10) . Most of the DЈD3-c-Myc dimers and FLAG-D1D2 did not bind to neutravidin-agarose ( Fig. 1 A) , indicating that the majority of these proteins contain only oxidized (disulfide-bonded) Cys. In contrast, all of the DЈD3 monomer bound to neutravidin-agarose ( Fig. 1 A) , suggesting that all secreted DЈD3 monomer contained reduced Cys that was biotinylated. None of these proteins bound to neutravidin-agarose when alkylated with NEM (data not shown). Similar results were obtained for BHK cells transiently expressing FLAG-propeptide on one plasmid and DЈD3-c-Myc on a separate plasmid (data not shown). Thus, DЈD3 monomer contains reduced Cys that are not present in DЈD3 dimer, and these residues may normally form intersubunit disulfide bonds.
Only Two Cys Are Reduced in DD3 Monomer. The oxidation state of Cys residues in secreted DЈD3 monomer was established by differential alkylation, proteolytic digestion, and nano-LC-linear quadrupole ion trap Fourier transform cyclotron resonance mass spectrometry (nano-LC-FTMS) (18) . The DЈD3 monomer was treated with NEM in conditioned medium, to alkylate any reduced Cys and prevent disulfide rearrangement. The modified product was purified and then reduced completely and alkylated with 4-vinylpyridine (4VP) or iodoacetamide (IAA). N-linked oligosaccharides at Asn 857 , Asn 1147 , and Asn 1231 (19) were removed with protein N-glycosidase F to simplify MS analysis. Samples were digested with various proteases including trypsin, thermolysin, Asp-N, pepsin, Arg-C, chymotrypsin, and Glu-C. 2C ). The identity of the peptide was confirmed by its MS/MS spectrum ( Fig. 2D) 7 ion also was present at the predicted m/z ϭ 950.73 for NEM modification of Cys 1142 . These data show that Cys 1142 is reduced in the DЈD3 monomer, which is consistent with the identification of a Cys 1142 -Cys 1142 intersubunit disulfide bond in plasma VWF multimers by using direct methods (20) .
The corresponding 4VP-modified doubly charged ion has a predicted m/z ϭ 645.7646, which corresponds to the minor tryptic peptide, 1137 ENGYEC[4VP]EWR 1145 (SI Fig. 6 ), that was observed at m/z ϭ 645.7658 (Table 1) . Detection of both NEMand 4VP-modified peptides confirms that the nano-LC-FTMS method identifies both species, when present. The occurrence of some 4VP-modified Cys 1142 may reflect incomplete modification of reduced Cys when NEM is added directly to conditioned medium. Bacterial alkaline phosphatase (FLAG-BAP) (2 g/ml) in media from BHK-fur4-D1D2DЈD3-FLAGNT-c-MycCT cells was reacted with biotin-BMCC or biotinmaleimide and analyzed by using anti-FLAG as described for A. Similar results were obtained with maleimide PEO 2-biotin (data not shown).
scribed in Fig. 1 showed that all of these mutant DЈD3 monomers contained reduced Cys residues (data not shown).
The same mutations were introduced into full-length VWF for expression in BHK cells (Fig. 3B) . VWF C1099A and VWF C1099A/C1142A did not form multimers and were secreted only as dimers. VWF C1142A was secreted mainly as dimers but did form some tetramers and a trace of hexamers, in agreement with our previous studies (20) . Thus, both of the Cys residues that are reduced in monomeric DЈD3 appear to be necessary for the efficient assembly of full-length VWF multimers.
Discussion
When VWF subunits assemble into multimers, intersubunit disulfide bonds form between D3 domains except possibly at the extreme ends of the multimer, where Cys residues that normally make intersubunit bonds may remain unpaired. These cysteines were identified in a truncated VWF construct that permits the preparative isolation of DЈD3 monomers (Fig. 1) , which may correspond to the terminal subunits of VWF multimers.
The DЈD3 region of VWF contains 52 Cys residues, but a relatively small number of reduced Cys was expected. Proteolytic digestion of plasma VWF indicated that intersubunit disulfide bonds must be confined to the 28 cysteines in the D3 domain from Cys 1046 through Cys 1237 ; 8 of these are reported to form intrachain disulfide bonds (12), and we had shown previously that Cys 1142 makes a Cys 1142 -Cys 1142 intersubunit bond (20) , leaving 17 Cys that might be reduced in monomeric DЈD3. In fact, only two reduced Cys were found, Cys 1099 and Cys 1142 (Fig.  2) . Interestingly, mutation of either Cys 1099 or Cys 1142 prevented multimer assembly (Fig. 3) , and a simple explanation for this finding would be that Cys 1099 pairs directly with Cys 1142 on another subunit. However, our previous direct isolation of a Cys 1142 -Cys 1142 intersubunit bond suggests instead that VWF multimers probably contain just two disulfide bonds, Cys 1099 -Cys 1099 and Cys 1142 -Cys 1142 , between the N termini of the subunits (Fig. 4) . This arrangement implies that the N termini of VWF subunits align in a parallel orientation during multimer assembly and within finished multimers.
A mutation affecting one of these Cys residues has been observed in an unusual form of VWD type 2A, initially named ''type IIC Miami'', that is characterized by dominant inheritance and a markedly increased plasma concentration of VWF with very small multimers (21) . In two families, the causative mutation was C1099Y (22) . Thus, mutation of Cys 1099 prevents multimer assembly (Fig. 3) (22) but is compatible with efficient VWF secretion and normal intravascular survival in vivo (22) .
The (e.g., DЈD3A1) do not dimerize unless the propeptide (D1D2) also is included (7, 8, 10) . Furthermore, Cys 1222 , Cys 1225 , and Cys 1227 make only intrachain disulfide bonds in monomeric DЈD3 (Table 1 and SI Fig. 7) , and mutation of all three of them does not impair multimer assembly by full-length VWF (20) . Therefore, Cys 1222 , Cys 1225 , and Cys 1227 probably do not form interchain disulfide bonds in native VWF but can do so when the D1D2DЈD3 regions, which are required for normal pHdependent multimerization in the Golgi, are absent.
This conclusion is supported by structural studies of plasma VWF. Trypsin digestion yields a major Ϸ116-kDa product that contains disulfide-linked Ϸ50-kDa and Ϸ13-kDa polypeptides (25) . Some reports describe this Ϸ116-kDa species as a homodimer of Ϸ50-kDa polypeptides, but the data included in these reports confirm the presence of a disulfide-linked Ϸ10-to 13-kDa component (26, 27 forms an intrachain disulfide bond with Cys residues in the D3 domain whose disulfide pairing is not yet known (Fig. 4) . Candidates include Cys 1097 or Cys 1101 , which are within the Ϸ13-kDa component of the 116-kDa trypsin-digestion product.
How Cys 1099 and Cys 1142 actually form intersubunit disulfide bonds remains to be determined. A transient disulfide-linked complex between the VWF propeptide (D1D2) and DЈD3 has been identified in the ER during VWF biosynthesis, and this complex appears to rearrange in the Golgi to yield VWF multimers (10) . Cys 1099 or Cys 1142 might reasonably participate in this oxidoreductase reaction intermediate, in which case, rearrangement would yield intersubunit disulfide bonds between D3 domains with transfer of electrons to yield reduced Cys residues on D1D2. However, secreted D1D2 does not contain reduced Cys residues (Fig. 1) , which suggests that unidentified electron acceptors in the Golgi apparatus can rapidly oxidize them. Alternatively, D1D2 may not contain Cys residues that participate directly in VWF multimer assembly. Instead, mechanistically important thiols may be confined to the D3 domains, and D1D2 may promote multimer assembly mainly by approximating them. (10) .
Materials and Methods
Plasmids pSVH-D3-FLAGNT/c-MycCT (C1099A), pSVH-D3-FLAGNT/c-MycCT (C1142A), and pSVH-D3-FLAGNT/cMycCT (C1099A/C1142A) were made by using a QuikChange XL kit (Stratagene, La Jolla, CA) to mutate plasmid pSVH-D3-FLAGNT/c-MycCT. A similar strategy was used to make mutations in full-length VWF to yield plasmids pSVH-VWF (C1099A), pSVH-VWF (C1142A), and pSVH-VWF (C1099A/ C1142A).
BHK cells were grown in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) plus 10% heat-inactivated FBS and 2 mM glutamine. BHK cells were transiently transfected by using Lipofectamine PLUS in Opti-MEM (Invitrogen). Stably transfected BHK cell lines were prepared as described for BHK-fur4-D1D2DЈD3-FLAGNT-c-MycCT cells (10, 31) .
Detection of Reduced Cys. After reaction with biotin-maleimide reagents ( Fig. 1 and SI Fig. 5 ), media from BHK-fur4-D1D2DЈD3-FLAGNT-c-MycCT cells (10) were incubated overnight at 4°C with 1:100 volume of anti-c-Myc antibody or anti-FLAG M2 antibody (Sigma), respectively, and protein G-Sepharose (1:10 volume) (GE Healthcare, Piscataway, NJ). Beads were washed three times with 50 mM Tris⅐HCl (pH 7.4)/300 mM NaCl/5 mM EDTA/0.02% NaN 3 /0.1% Triton X-100/1 mM NEM, and proteins were eluted in 1% SDS/1 mM NEM at 100°C for 5 min. The supernatant (80 l) was diluted with 400 l of 50 mM Tris⅐HCl (pH 7.4)/300 mM NaCl/5 mM EDTA/0.02% NaN 3 /0.2% SDS/0.5% Triton X-100/1 mM NEM and incubated with 100 l of neutravidin-agarose (Pierce) overnight at 4°C. Unbound protein in the supernatant was immunoadsorbed and eluted as described above. After washing the neutravidin-agarose beads, bound proteins were eluted by heating to 100°C in 100 l of 1% SDS/1 mM NEM for 5 min.
Samples of total immunoprecipitate and neutravidin-bound and unbound material were heated to 100°C in SDS sample buffer with or without 10% 2-mercaptoethanol for 5 min, electrophoresed on 4-15% gradient SDS/PAGE (Bio-Rad, Hercules, CA) or 4% SDS/PAGE (Invitrogen) gels, and transferred to PVDF membranes (Bio-Rad). Blots were incubated at room temperature for 1 h in 50 mM Tris⅐HCl (pH 7.4)/150 mM NaCl/0.1% Tween 20/0.5% casein and incubated overnight at 4°C in either a 1:2,000 dilution of FLAG M2-HRP antibody (Sigma) or a 1:1,000 dilution of HRP-conjugated rabbit polyclonal anti-VWF (P226; DAKO, Carpenteria, CA). Blots were developed by using the ECL-Plus kit (GE Healthcare).
DD3 Monomer Production.
BHK cells stably transfected with pSVH-DЈD3⌬pro were grown in FreeStyle 293 Expression Medium (Invitrogen). Conditioned medium was collected after 72 h, and 144 M PMSF and 10 mM NEM were added. The medium was applied onto a HiTrap Q column (5 ml; GE Healthcare) in 20 mM Hepes (pH 7.4)/20 mM NaCl, developed with an NaCl gradient (0.02-1 M). Fractions containing DЈD3 were concentrated by ultrafiltration (Vivaspin 20; Sartorius, Goettingen, Germany) and chromatographed on a C 4 column (10 ϫ 150 mm; Vydac, Hesperia, CA) developed with an acetonitrile gradient (0-100%) in 0.1% TFA. Fractions containing DЈD3 were dialyzed against 20 mM Hepes (pH 7.4)/150 mM NaCl, concentrated, and chromatographed on Superdex 200 by using an AKTA system (GE Healthcare). Purified DЈD3 was stored at Ϫ80°C.
Enzymatic Digestions. DЈD3 (1 g/ml) in TBS containing 1% RapiGest SF (Millipore, Billerica, MA) was reduced with 25 mM Tris(2-carboxyethyl)phosphine for 2 h at room temperature and alkylated with 25 mM 4VP or iodoacetamide (IAA) for 2 h at room temperature. Samples were desalted and buffer exchanged by ultrafiltration (YM-3 Microcon; Millipore).
Protein N-glycosidase F digestions were done in 100 mM NH 4 HCO 3 (pH 8.0) overnight at 37°C with 50 units of enzyme per microgram of substrate. Trypsin or thermolysin (Sigma) digestions were performed in 50 mM NH 4 HCO 3 (pH 8.0) at an enzyme-to-substrate ratio of 1:50 (wt/wt) at 37°C overnight. Aspartic-N (Asp-N; Princeton Separations, Freehold, NJ) digestions were performed in 50 mM NH 4 HCO 3 (pH 8.0) at an enzyme-to-substrate ratio of 1:100 (wt/wt) at 37°C overnight. Pepsin (Princeton Separations) digestions were done in 50 mM ammonium acetate (pH 4.0) at an enzyme-to-substrate ratio of 1:50 (wt/wt) at 37°C overnight. Arginine-C (Arg-C; Princeton Separations) digestions were done at 37°C overnight in 50 mM NH 4 HCO 3 (pH 8.0)/7.7 mM DTT/1 mM calcium acetate, at an
